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We study semiconductor excitons confined in an electrostatic trap of a GaAs bilayer heterostruc-
ture. We evidence that optically bright excitonic states are strongly depleted while cooling to
sub-Kelvin temperatures. In return, the other accessible and optically dark states become macro-
scopically occupied so that the overall exciton population in the trap is conserved. These combined
behaviours constitute the spectroscopic signature for the mostly dark Bose-Einstein condensation of
excitons, which in our experiments is restricted to a dilute regime within a narrow range of densities,
below a critical temperature of about 1K.
Semiconductor excitons, i.e. Coulomb bound
electron-hole pairs, constitute a class of composite
bosons which has raised a large interest in the con-
text of Bose-Einstein condensation (BEC). This phase
transition was originally envisioned in the 1960s [1–3],
and fifty years of research were actually necessary to
detect anticipated signatures, such as long-range spa-
tial coherence and quantised vortices [4]. The main
reason for this unexpectedly long search was given in
2007, when Combescot et al. [5] pointed out that
excitons, which exist in either optically bright or op-
tically dark forms, depending on their total spin, al-
ways have a dark ground state. Accordingly, BEC is
controlled by the macroscopic occupation of dark ex-
citons, a conclusion which stood in striking contrast
with previous experimental and theoretical research
that had emphasized a condensation dominated by
optically bright excitons [6, 7].
The dark nature of exciton condensation sets strong
barriers to evidence the quantum phase transition.
Indeed, it impedes direct measurements of the exci-
tons momentum distribution by imaging their photo-
luminescence in momentum space, as for example em-
ployed with atomic gases [8, 9] or polaritons [10]. Al-
ternative spectroscopic techniques are thus necessary.
We then note that the exciton dark-state condensa-
tion leads to a photoluminescence quenching, which is
easily identified in principle since it contrasts with the
classically expected increase of the optical emission as
the exciton temperature is lowered [11, 12]. However,
relating unambiguously a photoluminescence darken-
ing to BEC is a tedious task since experimental limita-
tions can also induce a photoluminescence bleaching,
for example interactions between excitons and excess
free carriers [13], or simply non-radiative losses.
In this work, we study two-dimensional excitons
trapped at a controlled total density, i.e. including
bright and dark states, kept constant while the gas
is cooled down to sub-Kelvin temperatures. In the
dilute regime and for a restricted range of densities
only, we evidence quantitatively a photoluminescence
darkening of about 30%. By evaluating the strength
of non-radiative channels we then show that this pho-
toluminescence quenching reveals unambiguously the
buildup of a dominant fraction of dark excitons, of
around 70% below a critical temperature of around
1 Kelvin. The energy splitting between bright and
dark exciton states being reduced to about 5 µeV
in our heterostructure [14, 15], that is one order of
magnitude less than the thermal energy at our lowest
bath temperature (330mK), the dominant occupation
of dark states therefore provides a quantum statistical
signature for Bose-Einstein condensation.
As illustrated in Figure 1, we probe long-
lived spatially indirect excitons [16] confined in a
GaAs/AlGaAs double quantum well (DQW) identical
to the one probed in Ref. [4]. The bilayer is embed-
ded in a field-effect device, and indirect excitons are
engineered by applying an electric field perpendicu-
lar to the quantum wells. This is achieved by biasing
two independent and semi-transparent metallic elec-
trodes deposited on the surface of the structure (Fig.
1.a). Minimum energy levels for electrons and holes
then lie in distinct layers (Fig. 1.c), indirect excitons
resulting from the Coulomb attraction between dis-
tant carriers. In the following experiments, we apply
a larger potential onto the central (trap) electrode and
thus create a ∼10 µm wide trap, indirect excitons be-
ing attracted towards the regions where the electric
field is the strongest [17–20]. Figure 1.b shows that
the trap depth is about 5 meV, and note that exci-
tons are injected optically by a pulsed laser excitation
covering the entire trap area (Fig.1.e).
To quantify the total exciton density, i.e., including
both bright and dark excitons with total ”spins” equal
to (±1) and (±2) respectively, we study the dynamics
of the photoluminescence energy EX. Indeed, EX is
given by repulsive dipolar interactions between exci-
tons [6, 21, 22] and we verified experimentally that
these repulsions yield a blue-shift of EX scaling as
u0nx in the dilute regime (see Figure 5.b). Note that
it is expected theoretically that u0nx ∼ 1meV for an
exciton density nx ∼ 1010 cm−2 [21]. In our stud-
ies, the blueshift of the photoluminescence is actually
computed as the difference between EX and its value
at the latest delays, i.e. when the density in the trap
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FIG. 1: (a) Electron microscope image of the surface elec-
trodes constituting the electrostatic trap. (b) Spatial pro-
file of the confining potential realized when the center elec-
trode is biased at (-4.8V) while the outer electrode is bi-
ased at (-3.5V) at Tb=330 mK. The confinement profile
is measured by injecting a very dilute and linearly shaped
cloud of indirect excitons along the horizontal axis of the
trap. (c) Sketch of the optical injection of indirect exci-
tons (IX), through the resonant excitation of direct exci-
tons (DX). IXs are created once electronic carriers have
thermalized towards minimum energy states (wavy grey
lines). (d) The photoluminescence (wavy red arrows) is
only due to the radiative recombination of lowest energy
(k∼0) bright excitons (BX), i.e. lying at an energy smaller
than the intersection between excitonic (BX) and photonic
(Ph) bands. (e) Our experiments rely on a 100 ns long
loading pulse while the exciton dynamics is monitored in
a 5 ns long and running time window which follows each
laser pulse. This sequence is repeated at 2 MHz.
yields a vanishing blueshift [23] (350 ns after termi-
nation of the laser excitation). Moreover, we analyse
the dynamics of the photoluminescence integrated in-
tensity IX in order to extract the fraction of bright
excitons in the trap. Indeed, IX is directly given by
the product between the density of bright excitons
and their optical decay rate (1/τopt). By comparing
the dynamics of IX and EX at different bath temper-
atures Tb we then infer the occupation of dark states
for any given total density in the trap.
A. Electrostatic noise and inhomogeneous
broadening
Figure 2 provides an overview of the exciton spec-
troscopy at the lowest bath temperature (Tb= 330
mK). First, Fig. 2.a displays the photoluminescence
integrated intensity and its emission energy which
decay differently, with characteristic times ∼60 and
∼120 ns respectively. This behaviour suggests that
the overall exciton density decays slower than its sole
bright component. Also, in Figure 2.a we note that EX
decreases by ∼ 5 meV across the delay range that we
explore. Accordingly, the exciton density ranges from
∼5 1010 cm−2 at the termination of the laser pulse,
to ∼109 cm−2 250 ns later when EX becomes essen-
tially constant. Fig. 2.b then details the dynamics of
the photoluminescence spectral width ΓX. It shows
that ΓX rapidly decreases in the first ∼70 ns after the
laser excitation, which we interpret as the manifesta-
tion for a transient photocurrent, bound to 100 pA
but which nevertheless induces spectral broadening
since interactions between excitons and free carriers
are very strong in quantum wells [24]. By contrast,
we do not resolve sizeable variations of ΓX at longer
delays (τ & 100 ns) i.e. in the dilute regime when
nxa
2
X .0.3, aX ∼20 nm [25] denoting the excitons
Bohr radius.
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FIG. 2: (a) Integrated intensity (IX, red points) and en-
ergy (EX, blue points) of the photoluminescence as a func-
tion of the delay to the termination of the laser excita-
tion (τ). (b) Dynamics of the photoluminescence spectral
width (ΓX) computed by accumulating directly 10 succes-
sive spectra (red) or by evaluating a statistical average
(blue). (c) Photoluminesence spectrally and spatially re-
solved along the diameter of the trap for a delay τ=170 ns.
The solid line in (d) shows the spectrum evaluated between
the two dashed lines in (c). It is marked by a ∼400 µeV
linewidth limited by the spectral resolution (dashed red
line). The dotted line in (d) shows the photoluminescence
at the same position for one of the successive 60 second ac-
quisitions. (e) Variation of the photoluminescence energy
∆EX and variation of the normalized integrated intensity
∆IX/IX (f) between 10 successive one-minute acquisitions
performed at delay τ=170 ns. Measurements were all re-
alised at Tb=330 mK for a 1 µW mean laser excitation
power.
The minimum acquisition time to ensure a sufficient
signal to noise ratio constitutes one of our strongest
experimental constraint. Indeed, indirect excitons are
characterised by a long lifetime so that analysing spec-
trally their photoluminescence requires measurements
typically 10 minutes long. Such elapsed time naturally
challenges the experimental stability due to spectral
diffusion. To quantify the strength of inhomogeneous
3broadening, we then computed the spectral width ob-
tained by accumulating an ensemble of 10 successive
one-minute acquisitions. As shown in Fig. 2.b, this
leads to ΓX∼ 1.1 meV for τ & 70 ns. For the same
experiments, the value obtained by statistically av-
eraging ΓX from each individual realisation remark-
ably yields a spectral narrowing of about 0.4 meV, so
that the spectral width reduces to 700 µeV (Fig.2.b).
This difference directly manifests that our measure-
ments suffer from fluctuations of the electrostatic en-
vironment, induced by a fluctuating trapping poten-
tial and/or a varying density of excess free carriers. In
fact, this limitation is not very surprising since the ex-
citons electric dipole amounts to about 500 Debye, so
that time averaged electrostatic noise inevitably leads
to inhomogeneous broadening. Thus, EX varies by at
most 500 µeV over successive acquisitions (Fig.2.e).
Fig. 2.d illustrates further the spectral diffusion
by comparing two successive measurements performed
under unchanged conditions. Two limit cases case
are presented, namely a broad profile (∼ 1.5 meV
wide) and a narrow one dominated by a 400 µeV
lorentzian line. The latter realisation shows the result
of the most stable experimental conditions, i.e. the
ones with a minimum level of inhomogeneous broad-
ening. ΓX is then close to its theoretical expecta-
tion [6], and we actually verified in successive exper-
iments, where the acquisition time was reduced by
5-fold, that the photoluminescence is homogeneously
broadened in this situation [26]. From Fig.2.b-d we
thus deduce that the average inhomogeneous broaden-
ing amounts to at most 500 µeV. At this level, Fig.2.f
shows that the relative variation of the integrated in-
tensity (∆IX/IX) does not exceed ±10% over 10 suc-
cessive one-minute acquisition. This dispersion possi-
bly reflects a fluctuating density of excess carriers that
would vary the photoluminescence yield [13]. Never-
theless, the measurements displayed in Fig.2.f indi-
cate that we evaluate the fraction of bright excitons
with about 20% precision long after the laser excita-
tion (170 ns for Fig.2.f). This exactness is crucial for
our studies because it sets the accuracy at which the
occupation of dark states is then extracted, as further
discussed in the following.
B. Exciton cooling to sub-Kelvin bath
temperatures
We now study spectroscopically the trapped gas as
the bath temperature is lowered. For that purpose,
we performed measurements in a restricted param-
eter space where the strength of the loading laser
excitation and the trapping potential remained un-
changed. Accordingly, experimental conditions were
well defined, but in turn the range of bath tempera-
tures had to be limited to 0.33 ≤Tb ≤ 3.5 K.
In Figure 3.a we first display the dynamics of EX
from which the total density of excitons is extracted.
Remarkably, for 100. τ .300 ns, which corresponds
to nX . 4 1010 cm−2, EX varies by less than 500 µeV
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FIG. 3: (a) Energy of the photoluminescence (EX) at
Tb=330 mK (red) and 2.5K (blue). (b) Decay of the pho-
toluminescence integrated intensity (IX). (c) Dynamics of
the maximum of the photoluminescence spectrum. (d) Op-
tical decay time τopt of the photoluminescence integrated
intensity, versus Tb. The solid line shows the result of the
model detailed in Ref. [27], assuming a radiative lifetime
of 35 ns and a degeneracy temperature equal to 1.5 K. In
(a) the inset shows the decay time of EX as a function of
Tb. Experiments correspond to 3 days of continuous data
acquisition, and the presented data have all been analyzed
in a 3 µm wide region at the center of the trap.
between 0.33 and 2.5 K. Given the stability of the
trapping potential, we are led to conclude that the
exciton density does not vary with Tb for this range
of delays to the termination of the loading laser pulse.
This is not very surprising since we expect that the
exciton density is mostly given by the strength of the
loading laser pulse, kept constant between these mea-
surements. In fact, EX only exhibits a slight depen-
dence with Tb at short delays to the termination of
the laser excitation (grey region in Figure 3), when the
transient photocurrent is not fully evacuated. After-
wards, its dynamics can be approximated by a mono-
exponential decay. The inset in Figure 3.a shows the
extracted time constants τEX : for each bath temper-
ature the precision of the fitting routine is reasonable
and we deduce that τEX ∼ 110 ns throughout the ex-
plored temperature range.
Unlike the total density, the occupation of the sole
bright states strongly depends on Tb. This behaviour
is shown in Figure 3.b that presents the dynamics of
the integrated intensity IX at Tb=0.33 and 2.5 K. The
transient regime (grey region) constitutes the only re-
gion where IX varies weakly with Tb. There, the pop-
ulation of low energy bright excitons is not controlled
by the bath temperature but rather by the transient
photocurrent, otherwise the population in the low-
est energy bright states would increase between 2.5
and 0.33 K, and so would IX. Beyond the transient
regime, Fig. 3.b clearly shows that the photolumines-
cence intensity drops faster as the bath temperature is
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FIG. 4: (a) Temperature variation of the cumulated inte-
grated intensity, evaluated by integrating IX from τ=80
to 350 ns, so that it is not affected by the transient pho-
tocurrent marked by the gray region in Fig.3. (b) Inte-
grated intensity measured at τ=190 ns, i.e., for nx ∼ 2
1010 cm−2, at τ=250 ns (c) and τ=5 ns (d). In (b-c)
the grey region displays the maximum error of our mea-
surements deduced from panel (a), i.e. the region where
the photoluminescence darkening can not be attributed
to excitons dark-state condensation but instead to non-
radiative losses.
lowered. In an attempt to quantify this decrease, we
modelled the decay of IX with a single exponential af-
ter the transient regime, i.e., for τ ≥80 ns. Figure 3.d
shows that the resulting decay times τopt drops from
∼ 100 ns at Tb=3.5 K to ∼ 70 ns at 1.5 K, τopt be-
ing rather constant at lower temperatures within the
precision of our analysis (∼10 ns).
The optical decay time is expected to decrease with
the exciton temperature [12, 27, 28]. Indeed, only
coldest bright excitons, with a kinetic energy lower
than about 150 µeV (∼ 1.5K), contribute to the pho-
toluminescence (Fig.1.d). As a result, bright excitons
decay faster as one lowers their temperature, simply
because in average they ”spend” more time in the ra-
diative region of the energy band. The temperature
dependence of the optical decay time thus provides
direct information about the exciton statistics. In-
deed, it is expected theoretically that Bose-Einstein
statistics influences τopt for both degenerate and non-
degenerate gases [27]. The latter regime is found at
high temperatures where Bose-Einstein statistics cor-
rects the classically expected linear dependence of the
optical decay time with temperature [28]. For a degen-
erate gas, τopt then saturates to a value equal to twice
the radiative lifetime [27]. Figure 3.d shows that such
theoretical description reproduces well the measured
variation of τopt, only assuming a degeneracy temper-
ature equal to 1.5K and a radiative lifetime equal to
35 ns, which is reasonable for our heterostructure [25].
The obtained agreement provides then a good indica-
tion that we experimentally study a Bose gas of indi-
rect excitons which effective temperature is decreased
by lowering the bath temperature.
C. Quantum darkening: dark-state condensation
The measurements summarised in Fig. 3 first show
that above a few Kelvin the overall exciton population
and its bright component both decay at a comparable
rate (τopt ∼ τEX ' 100 ns at Tb=2.5K). We then de-
duce that the occupation of bright and dark states are
similar in this regime which is then classical. On the
other hand, τEX is barely modified when Tb is lowered
to sub-Kelvin temperatures whereas τopt is decreased
to about 70 ns at Tb=330mK. These combined be-
haviours mark that the total exciton density has not
varied with the bath temperature while the popula-
tion of bright excitons is divided by at least 3-fold
between 2.5K and 330mK (for τ ∼ 190 ns, Fig. 3.b
shows that IX is 3 times smaller at Tb=330 mK than
at 2.5 K). Since the total exciton density is conserved
in the trap, EX being constant, the population of dark
excitons has to be increased proportionally, resulting
a priori in a strong (quantum) imbalance between the
occupations of bright and dark states at Tb=330mK.
Let us then note that such a dominant population
of dark excitons is possibly built directly from bright
excitons. Indeed, the exchange of the fermionic con-
stituents (electron or hole) between two opposite-spin
bright excitons convert these into opposite-spin dark
ones [5], thus acting as an effective channel for Bose
stimulation.
We need to quantify the maximum error for the
evaluation of the bright excitons density in order
to show unambiguously that the photoluminescence
quenching reveals an increased population of dark ex-
citons. For that purpose, we computed the photolu-
minescence cumulated integrated intensity which adds
up all the photons detected after the loading laser
pulse. We thus evaluate the total number of bright
excitons that have been confined in the trap after the
loading phase. Let us stress that the cumulated in-
tensity then also provides the total number of exci-
tons that have been confined, regardless their bright-
ness, otherwise non-radiative losses would play a sig-
nificant role. Indeed, delocalised indirect excitons ex-
hibit a spin coherence time which does not exceed a
few nanoseconds [29, 30] while their spin relaxation
time is typically bound to a few 10 ns [30–34]. As
a result, indirect excitons experience multiple scat-
terings between optically bright and dark manifolds
during their lifetime (τEX ), such that they can not re-
main trapped in dark states but instead must end by
decaying radiatively.
The cumulated integrated intensity as a function
of the bath temperature is shown in Fig. 4.a, which
highlights a decrease by about 35% between 3.5 and
0.33 Kelvins. We then conclude that non-radiative
losses can only account for up to 35% of the photolu-
minescence darkening, by embracing every experimen-
tal limitation, such as the processes varying the rate
of excitons radiative recombination in a temperature
dependent manner, but also tunnelling processes that
can lead to carrier escape from the trap. Altogether,
experimental imperfections are then not sufficient to
5interpret our observations. Indeed, Figure 4.b.c shows
that the amplitude of the photoluminescence dark-
ening is well beyond this instrumental precision be-
low a critical temperature of 1K. At Tb=330 mK, it
reaches approximately 70% 190 ns after the termina-
tion of the laser excitation when nX∼2 1010 cm−2,
and about 60% 60 ns later when nX∼0.5 1010 cm−2
(outside of this delay range the darkening is not ob-
served unambiguously). This confirms quantitatively
that bright excitons are indeed converted into dark
ones to conserve the total density at sub-Kelvin tem-
peratures. Dark excitons then constitute about 70%
of the population at Tb=330 mK. This marks a BEC
since the energy splitting between optically bright and
dark states only amounts to a few µeV [14, 15], that
is 5 to 10-fold less than the thermal energy at 330mK.
Finally, note that no darkening is observed shortly af-
ter the laser excitation, as expected since the exciton
gas is then perturbed by excess carriers and probably
not fully thermalised (Fig.4.d).
To further confirm that the photoluminescence
quenching is due to dark-state condensation, we per-
formed a control experiment where the integrated in-
tensity IX was measured while the total exciton den-
sity nX was increased through the power of the load-
ing laser Pex. Furthermore, the delay to the loading
laser pulse was set to τ=190ns, i.e. as for the mea-
surements shown in Fig.4.b. After an initial transient
regime at very low excitation power (Pex .0.3µW)
where the electrostatic confinement is probably un-
stable, Figure 5.a shows that at Tb=330 mK IX in-
creases linearly with Pex, for 0.4≤Pex ≤0.8 µW and
Pex ≥2 µW. Since we verified for these experiments
that the total exciton density varies linearly with the
laser power (Fig.5.b), the trapped gas behaves classi-
cally in this regime. Indeed, for a classical gas bright
and dark states have similar populations so that the
occupation of bright states has to increase proportion-
ally to the loading laser power. By contrast, we re-
cover the quantum regime in the red region of Fig.5.a
(0.8≤Pex ≤1.5 µW) where the photoluminescence in-
tensity is quenched while the total exciton density in-
creases. We then note that in Fig.4.b this quenching
is resolved for the same delay τ=190 ns but by varying
the bath temperature, for a total exciton density fixed
by Pex=1 µW. Thus, in Fig.5.a we access the thresh-
old density n
(c)
X for the dark-state condensation in the
trap, n
(c)
X ∼1.7 1010 cm−2 at Tb=330mK, whereas in
Fig.4.b we measure the critical temperature for the
condensation, Tc ∼1K for nX∼2 1010 cm−2. Finally,
we verify in Figure 5.a that the photoluminescence
quenching is not observed for Tb ≥1.3K.
In Fig. 5.a, let us compare the integrated intensity
at Tb=330mK to its classical expectation (black line)
for Pex=1 µW. Thus, we deduce that IX is reduced by
30% in the condensed phase. Importantly, this ampli-
tude agrees closely with the one we can obtain from
Fig.4.b where we also have set Pex=1 µW. Indeed,
assuming that excitons are classically distributed at
Tb=3.5K since no darkening is found in this regime,
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FIG. 5: (a) Integrated intensity IX as a function of the
power of the loading laser pulse Pex, at Tb=330K (red cir-
cles) and 1.3K (blue stars). The gray region marks the
regime where the excitons electrostatic environment is un-
stable, the solid black line shows a linear regression of IX ,
i.e. its classically expectation. (b) Blue-shift of the pho-
toluminescence energy ∆EX and total exciton density nX
deduced from the model described in Ref. [21]. The solid
line displays the expected linear increase. Experiments
have been realized for a delay to the loading laser pulse
set to τ=190 ns. The vertical dashed lines indicate the
value of Pex used for the experiments discussed in Fig.2 to
Fig.4.
by taking into account non-radiative losses we deduce
from Fig.4.b that about 70% of the exciton population
is condensed in dark states at Tb=330 mK. Moreover,
the red region in Fig. 5.a corresponds to a total den-
sity 1.7 1010 cm−2 . nx . 2.7 1010 cm−2(Fig.5.b).
This restricted range of densities for the photolumi-
nescence quenching does not contradict the one we
deduced by analyzing the photoluminescence dynam-
ics shown in Figure 4.b-c.
D. Conclusions
We would like to point out that our experiments, re-
lying on time and spatially resolved spectroscopy, can
only evidence the dark-state condensation through a
loss of photoluminescence intensity for a calibrated
total exciton density. To unambiguously relate this
loss to quantum condensation, we have verified that
non-radiative channels can not account for our ob-
servations. This point is crucial to reach clear con-
clusions, however it had never been verified before to
the best of our knowledge, including in studies where
anomalously weak photoluminescence emissions had
been discussed [7, 17, 35, 36]. Moreover, the photolu-
minescence quenching only occurs for a very narrow
range of densities in the dilute regime (Figures 4 and
5), contrasting with recent works that reported a dark
liquid of indirect excitons [17, 35].
According to theoretical predictions [37, 38], and
also to recent experiments that we performed onto the
same heterostructure [4], in the regime of photolumi-
nescence quenching the condensate is not only made
of dark excitons but instead consists of a dominant
dark component coherently coupled to a weaker bright
one. This coupling between bright and dark states
is the result of fermion exchanges between excitons,
6which favour the introduction of a bright component
to the quantum phase at experimentally studied den-
sities [37]. The dark condensate then becomes ”gray”
and is possibly studied through its weak coherent pho-
toluminescence. It is this emission that has allowed
us to irrefutably verify the conclusions we reach here,
through experiments where we have reported macro-
scopic spatial coherence, and quantised vortices re-
vealing the long-sought superfluidity of excitons [4].
Let us then stress that observing exciton superfluidity
required to identify the regime of photoluminescence
quenching quantified here. In fact, this behaviour con-
stitutes the key to access collective quantum states.
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